Background: Many animals rely heavily on olfaction to navigate their environment. Among rodents, 30 olfaction is crucial for a wide range of social behaviors. The vomeronasal olfactory system in particular 31 plays an important role in mediating social communication, including the detection of pheromones and 32 recognition signals. Currently, very few vomeronasal receptors have known ligands, which severely limits 33 our understanding of chemosensory-driven social communication. In this study we examine patterns of 34 vomeronasal type-1 receptor (V1R) evolution in the house mouse and related species within the genus 35 Mus. By exploring the evolution of these receptors, we provide insight into the functional roles of receptor 36 subtypes as well as the dynamics of gene family evolution.
. Mus species phylogeny. Includes all species used in this study. Rat (Rattus norvegicus) provided as an outgroup. Modified from Steppan & Schenk (2017) . Divergence estimates from Chevret et. al. (2005) . Species colors used throughout. Table 1 . VNO transcriptome assembly statistics, V1R transcript recovery, and genome annotations. The mouse reference genome is shown for comparison (M. m. domesticus, top) . Recovery estimates combining short and long-read datasets for M. spretus are indicated in bold.
aGRCm38.p6, bGenBank accession#: QGOO00000000, cSPRET_EIJ_v1.1, dCAROLI_EIJ_v1.1, ePAHARI_EIJ_v1.1, fORF: open reading frame be largely accounted for by a house mouse specific V1R gene expansion, discussed in further detail We next examine the presence of gene duplicates and transcriptional variation across species contain multiple house mouse receptors, and are annotated with combination-IDs (e.g. Vmn1r25/30).
223
These receptor groups are the result of one or more duplication events within the Mus lineage, and are 224 unequally distributed across clades, with 76% located in clades C and D ( Figure 3A) . In addition, all 225 reference-only V1Rs are located in these same two clades ( Figure 3B ). Not surprisingly, clades C, D and 226 H have the highest number of detected gene duplicates (19 or more) and have similarly high proportions 227 of duplicates by clade size (Figure 3C, D) . Thus, all three clades have evidence for substantial gene (Figure 4) .
253
Guided by the evolutionary patterns observed across clades, we identify and categorize receptors as 254 interesting candidates for further functional work based on striking patterns of conservation or divergence 255 (Additional File 3: Table S1 ). We hope this list will help guide future efforts to deorphanize V1Rs. repertoire size across species (Figures 3 & 4) . A sub-region of clade H containing Vmn1r217, 219 and 263 220 receptors exemplifies the pattern of low orthology, while the receptor ortholog group Vmn1r206/209 is 264 representative of the abundant gene duplicates (Figure 5A) . A striking exception to the patterns of 265 dynamism observed in clade H is the extremely conserved receptor group Vmn1r197 (Figure 5A) . The 266 general pattern of low orthology and the rapid species-specific gene gains and losses, suggests that 267 clade H receptors may play an important role in species-specific chemosensation.
269
Clade C:
270
Clade C is the largest V1R clade in all non-commensal species examined in this study, exhibiting variable 271 repertoire sizes suggestive of lineage-specific evolution (Figure 4) . This inference is supported by the 272 large numbers of combination-ID ortholog groups, gene duplicates, non-orthologous receptors, and house 273 mouse-specific gene gains (Figure 3) . The phylogenetic structure of clade C comprises three sub-clades.
274
Interestingly, the non-orthologous receptors are largely clustered in one sub-clade, suggesting different 275 rates of receptor evolution exist within clade C (Figure 5B) . Two clade C receptors, Vmn1r9 and 276 Vmn1r10, have been implicated in pup odor detection in house mice (Isogai et al., 2018) . However, these 277 receptors also respond to female odors, and thus may detect chemosensory components of the nest 278 environment (Isogai et al., 2018) . These two receptors are part of a single receptor orthogroup 279 (Vmn1r9/10) that is both orthologous and highly duplicated (Figure 5B) . The sister group Vmn1r7/8 280 exhibits a similar pattern of high orthology and abundant duplication (Figure 5B) . Given the potential role 281 of Vmn1r9/10 receptors in pup odor detection, and the lineage-specific evolutionary patterns observed in 94%) are located in clade D, providing further support for a large recent gene expansion in the house 289 mouse (Figure 3B) . These receptors are similar in sequence and cluster together on chromosome 7, 290 consistent with recent tandem gene duplication. While we did not find evidence for a comparably large 291 expansion in the non-commensal species, we recover approximately twice as many clade D receptors in with high gene turnover and lineage-specific clades, compared to the more conserved and largely 354 orthologous ORs (Grus & Zhang, 2008) . This has led to the hypothesis that ORs are broadly-tuned 355 generalists, and VRs are more narrowly-tuned specialists (Grus & Zhang, 2008 
Patterns of receptor expression and evolution
20 Total RNA was extracted from VNO tissues using the Qiagen RNeasy kit, and subsequently quantified 461 using QuBit Fluorometric Quantitation. RNA sequencing libraries were generated using the NEBNext
